Abstract-The modification of nanostructured materials is of great interest due to controllable and unusual properties inherent in such materials. In this paper, iron doped boehmite nanofibres, nanotubes and nanosheets with varying iron content have been prepared through low temperature hydrothermal treatment in the presence of poly (ethylene oxide) surfactant. The combination of transmission electron microscopy (TEM), X-ray diffraction (XRD), energy dispersive X-ray analysis (EDX) and N 2 adsorption were employed to characterize the resulting nanostructures. TEM images showed that the resulting nanostructures are predominantly nanofibres when iron content is less than 5 % (mol/mol); in contrast nanosheets were formed when iron doping was above 5%. Nanotubes instead of nanofibres and iron rich particles were observed in samples with 20 % added iron. XRD showed that the iron doped nanostructures are boehmite ( -AlOOH), with EDX analysis indicating the maximum iron content in the boehmite nanostructures is about 4.3%. Nitrogen adsorption results indicate a lowering of the surface area for the iron doped phase in comparison to that of undoped boehmite nanofibres. Further study is required to determine the magnetic and optical properties of the iron doped boehmite nanostructures for their prospective applications. A detailed characterization of the iron doped nanofibres is presented.
INTRODUCTION
Synthesis of inorganic nanostructures has been of great interest in material science and nanotechnology over the last few decades [1] [2] [3] . In particular, one dimensional (1D) nanostructured inorganic materials nanofibres, nanotubes, nanobelts and nanowires, have attracted considerable attention due to their distinctive geometries, novel physical and chemical properties and potential application in various areas [4] .
Alumina has high surface area and mesoporous properties, making it a versatile material. Due to alumina chemical and thermal stability, it has been extensively used as supports for a variety of industrial catalysts at both low and high temperatures. Further applications of alumina include adsorbents [5, 6] , composites [7, 8] and ceramics [9] [10] [11] . Boehmite ( -AlOOH), an oxyhydroxide of alumina, is a crucial precursor for preparing -alumina and is also the most commonly used precursor in the sol-gel technique for preparing high-purity and high-strength monolithic -alumina ceramics. Such ceramics have been employed as substrates for electronic circuits, abrasives, high-temperature refractory materials, fibres and thin films [12] .
Metal ion doping is a promising technique which can be utilised to control the properties of materials by intentionally introducing impurities or defects into a material. Doping can influence three main properties: surface morphology, nanocrystal shape and growth in solution [13] . Studies have shown that the doping of ZnO [14, 15] , GaN [16] , CdS [17, 18] , MgB 2 [19] with ions such as Mn, Cu, Co, Ni and Ti can impart photoluminescence, magnetic and ferromagnetic properties to the parent material. Recently, considerable work has been conducted on the optical properties of transition metal ion doped alumina [20] [21] [22] , while to our best knowledge, little work has been undertaken on the doping of boehmite.
Interesting new synthesis methods, using 'soft' chemical treatments, based upon the use of surfactants, have been elucidated by Zhu et al. [23] . The surfactant was able to direct formation and growth of boehmite fibres, rather than acting as templates for the synthesis of mesoporous materials [24] . It was reported that much higher Al concentrations and lower temperatures could be used in comparison to traditional methods for the synthesis of boehmite nanofibres. Such an approach is an efficient means of producing nanofibres in large quantity. The growth of boehmite nanofibres can be improved by the addition of freshly precipitated aluminum hydrate, with fibres growing to over 100 nm long when reaction conditions are well-controlled.
In this work, we investigate iron doped boehmite nanostructures including nanofibers, nanotubes and nanosheets based on the soft chemistry synthetic approach. A series of iron doped boehmite nanostructures with varying iron content have been systematically studied with XRD, SEM EDS, TEM and N 2 absorption. The resulting iron doped boehmite nanostructures possess both optical and magnetic properties which will enable further specifically designed industrial applications.
Synthesis and characterisation of iron doped boehmite nanofibres, nanotubes and nanosheets I. . This solution was heated to 80 ºC and a NaOH solution (5mol·L -1 ) was then added at a rate of 5ml·min -1 , before ageing for three hours with constant stirring through out. The precipitate was then recovered by centrifugation and washed with pure water four times. This precipitate was divided into five equal parts for hydrothermal processing and characterization.
MATERIALS AND METHODS

A. Materials
2) Hydrothermal synthesis PEO surfactant was mixed with one part of the resulting precipitate and ultra pure water. This mixture was stirred, transferred into an autoclave and hydrothermal treated at 120 ºC. The molar ratio of the starting materials for hydrothermal processing is 1: 0.4: 16 (Al:PEO:H 2 O). The remaining three parts of fresh precipitate was added in to the autoclave every two days. The final product was washed by water then acetone before drying in air at 80 ºC.
II. CHARACTERISATION
A. X-Ray diffraction XRD analyses were performed on a PANalytical X'Pert PRO X-ray diffractometer, with a Cu X-ray tube ( = 1.54Å), operating at 45 kV and 35 mA. Samples were analyzed utilising Bragg-Brentano geometry over a range of 3 -75° 2 .
B. Transmission electron microscopy
A Philips CM 200 transmission electron microscopy (TEM) at 200KV was used to investigate the nanostructure of the boehmite nanofibres. All samples were dispersed in absolute ethanol solution, coated on carbon coated films and dried in an oven at 60 ºC for 10 mins for TEM studies.
C. SEM EDX analysis
The samples were crushed and coated with a thin layer of evaporated carbon and analysed in a JEOL 840A analytical SEM operating at 15 kV. The EDX analysis was performed using a JEOL 2300 microanalyser. Approximately 4 mm 2 area was analysed in order to produce representative sample areas.
D. Surface analysis N 2 adsorption/desorption isotherms were measured at liquid nitrogen temperature (77.3 K), using a gas sorption analyzer (Quantachrome, Autosorb-1). The specific surface area was calculated by the BET equation.
III. RESULTS AND DISCUSSION
A. X-Ray diffraction analysis
The XRD patterns of fresh precipitates with different iron content after 3 hours ageing. All the resulting material was identified as boehmite -AlOOH except for a minor amount of bayerite formed in 0% and 1% samples. The peak broadening presented in these XRD patterns indicates that the aged precipitates are poorly crystalline before hydrothermal processing. Crystallite sizes along the c crystallographic direction as calculated from the Debye-Scherrer equation show that the crystallite sizes vary initial from 15.5 nm in pure aluminum precipitates, to a constant ~22nm with iron doping. Crystallite sizes calculated along the b crystallographic direction however are seen vary form 6.1 nm largely to 6.4 (1% Fe) then gradually to 6.9 nm in the 20 % iron samples. The initial size increases are due to the influence of the iron on the growth of crystallites. The gradual change observed along the b direction may be related to an increased attraction of ions from solution to the surface of the precipitate.
As can be seen in Fig.1 , the diffraction peaks in the XRD patterns for 1 % iron doped boehmite nanostructures become sharper with the increase in hydrothermal time, indicating a gradual increase in crystallinity of structures during soft chemical treatment. The increasing sharpness of peaks in XRD pattern were also observe for pure boehmite nanofibre growth [24] . Crystallite sizes are seen to vary gradually over 8 days from 6.5 to 11.2 nm (b) and 23.6 to 37.9 nm (c). These size increase can not to be correlated to the sizes of the fibers, sheets and tube detected in the TEM images as discussed later.
Compared with that of precipitate, the decrease intensity of bayerite peaks in final product (8 days samples) suggests a part of bayerite phase was converted into boehmite phase during hydrothermal treatment. In contrast, for undoped sample, bayerite phase can not be observed in the final product which indicates all the bayerite observed in precipitate was converted into boehmite after hydrothermal treatment. Such results are explained via Oswald ripening of boehmite, the phase most stable under the reaction conditions in this study.
Final crystallite sizes have been calculated and show a gradual increase in crystallite dimension with increasing iron content along the b (7.7 to 9.71 nm) and a (22.9 to 36.0 nm) crystallographic directions. This indicates that iron doping increases the crystallite sizes of the resultant materials. 
B. EDX analysis
The relationship between added and actual iron content is shown in Fig.2 . In this study a miscibility gap was observed for Fe and Al oxy hydroxides, as detected from the difference between concentrations of iron in the fibers (TEM) and the bulk material (SEM).
C. TEM results
After 8 days hydrothermal treatment, samples with varying iron content were examined by TEM. Nanofibres were observed in samples with added iron content up to 10%. For 20% iron added sample shown in Fig. 3 , nanotubes of 40~100nm in length and 5~10nm in diameter were formed.
The iron doped boehmite fibres were up to 250 nm long while their width varied with iron content. Nanosheets were formed in samples with added iron percentage no less than 4%. It was noted that as the iron was increased, more sheets were formed. Similar heterogeneous morphology was also observed in a study of Zr doped alumina [25] . Small area electron diffraction patterns for sheets and fibres found in 10% added iron samples indicate the resulting nanofibres are made from a limited number of crystallites while the nanosheets contain numerous crystallites. In addition, the dark particles were examined by EDX via TEM and were found to be an iron rich phase. These results combined with the results of XRD indicate nanofibers are composed of 2-3 crystallites, indicating growth mainly occurs when fresh precipitate is added. Our results affirm the results of Zhu et al. [15] .
D.
Surface analysis N 2 adsorption/desorption isotherms for undoped boehmite nanofibres, 10 and 20% iron added samples were examined. BET surface area for these three samples are 278.92, 157.23, 165.02 m 2 g -1 respectively. The surface area of the undoped fibers is higher than that of iron doped samples due to the changes in morphology. The formation of nanotubes and iron rich particles may contribute to the higher surface area for 20% sample than that of 10% sample.
IV. CONCLUSIONS
Iron doped boehmite nanofibres, nanotubes and nanosheets were prepared using low temperature soft chemical hydrothermal treatment. The iron content in resulting boehmite nanostructures was found to be limited to a maximum of 4.3%. Fibers or needles were formed in low iron doped samples. With the increasing iron content lead to the formation of nanosheets. Nanotubes were formed when added iron content is up to 20%. Mechanistic reasons for variation in products need further investigation.
The motivation for the synthesis of iron doped boehmite nanofibres are several fold: (a) these new materials have special magnetic properties which will enable their use in drug delivery (b) the materials may have special optical properties for example the materials will absorb in the near-infrared region. (c) boehmite and its thermally activated materials are often used as catalysts. The presence of iron in the boehmite 
